Kenya's tea industry depends predominantly on imported compound NPK fertilizers to replenish nutrients removed through plucking.
Introduction
Tea is a major cash crop whose sustained productivity is highly desired by all stakeholders in its value chain. Nutrient requirements for commercial tea production are particularly high because the pluckable portions contain the largest percentage of nutrients in the plant [1] . Minimum concentration of nutrient required for fertilization of crops varies depending on factors such as type of crops, type of nutrients, soil conditions and composition, cropping season, and plant growth stage. However, excessive fertilization would increase soil acidity or salinity leading to plant toxicity [2] , while unbalanced application has negative effects on crop physiology and yields [3] . Overapplication or excessive fertilization is also detrimental to the environment and is not economically sustainable [3] . ese challenges require innovative ways of mitigation with minimal costs and environmental damage.
Chemical fertilizers with ability to replenish depleted nutrients in optimum quantities and forms have been recognized as an important component of sustainable soil fertility management [4] . Such fertilizers are available commercially in many physical and chemical forms. Each physical form has its own uses and limitations, which provide the basis for selecting the best fertilizer for specific crops or location [5] . Sources and rates of fertilizers recommended for tea production vary from region to region depending on soil types and weather conditions. In Kenya, the most popular formulation is the imported compound NPK 25 : 5 : 5 or NPK 20 : 10 : 10 based on nutrients removed in plucked leaves [6] . e government has identified a need of having locally manufactured fertilizers, which would address their shortage in the market and ensure timeliness in their applications. In response, some companies began the production of blended fertilizers whose possible negative impacts and mitigation measures had not been established.
ese developments and related fears constituted the basis of this study. e objectives were to assess the apparent nutrient budget of blended fertilizers application at different rates, determine economic optimum levels of blended fertilizers, and develop a soil replenishment model for the blended fertilizers.
e study hypothesized that blended fertilizers maximize productivity of tea clones with minimal environmental damage.
Soil nutrients availability, their content, and degree of accessibility are very dynamic because of the various inorganic and biochemical processes in the soils [7] and biotic and abiotic factors including temperature, water content, soil reaction, and nutrient uptake, input, and losses [8] . Nitrogen (N) is the main nutrient [9] and energy input in cropping systems and the critical nutrient for tea production [10] . Response of nitrogen at any level depends on the availability of other nutrients. Although essential for achieving high crop yields, its abundant use makes fertilizer the dominant contributor to global nitrogen pollution, which poses substantial risks to climate, human health, and ecosystems [11] .
Fertilizer recommendations are based on field input trials and their effects on crop yield (yield responses) in both agronomic and economic terms [12] [13] [14] [15] . Data from the crop responses to nutrients should always be subjected to economic analysis in order to account for differences in input and output and to identify the economic optimum rates (EORs) [16] . Several methods have been developed to internalize environmental issues in economic assessments. e valuation of benefit or loss in money was in terms of the amount saved due to increased nutrient status or amount to be incurred for increasing the nutrient status, respectively [17] .
Materials and Methods

Research Design.
e trial was established using a factorial randomized completely block design (RCBD) with three fertilizer types (one is control) and four fertilizer application rates (one is control) replicated three times. e randomized complete block design (RCBD) is a standard design for agricultural experiments in which similar experimental units are grouped into blocks or replicates [18] . e defining feature of the RCBD is that each block sees each treatment exactly once.
Treatment Application.
e trial was set using clone BBK 35 in Timbilil planted in 1988 at a spacing of 4 × 2.5 ft. 
Leaf Sampling and Analysis.
Leaf samples (approximately 100 g of two leaves and a bud and mature leaf ) were plucked in each plot and taken to laboratory. e samples were oven-dried at a temperature of 105°C for 72 hours before milling. Total nitrogen in the leaves was determined by the Kjeldahl method [19] . Phosphorus and potassium concentration in the leaves was determined using inductively coupled plasma emission (ICPE) spectroscopy [19] .
Tea Yield Determination.
Yield components of tea are described as the number of plucked shoots per unit land area and the mean weight per shoot [20] . Plucking of tea was done in conformity with the standard procedure. e fresh yield was converted to kilograms (kg) processed yield per hectare per year (kg·Mt·ha
) using the following equation [21] :
where n is the green leaf yield per plot, a is the plant population per hectare, 0.225 is the factor converting green leaf to made tea, and b is the number of plants per plot.
Data Analysis.
Effect of treatments application on mean yields and leaf nutrients uptake data of mature tea clone BBK 35 in Timbilil and TRFK 6/8 in Kagochi was subjected to the analysis of variance (ANOVA) using the MSTAT C computer software package [1, 22] .
NPK Dynamics and
Budgeting. An estimated nutrient balance (inputs and outputs) was calculated by assuming that (i) soils existing nutritional status was minimal (ii) over the short-term, there were no nutrients recycled as plant prunings, and (iii) the amount of nutrients sequestered in the standing crop was generally small [23] . e mean for the nitrogen, phosphorus, and potassium contents of two leaves and a bud were multiplied by the yield dry matter weight to get N, P, and K removed through harvest [24] . e nutrients removed with the harvest were considered to be lost from the soil. ese were then subtracted from the fertilizer applied to get approximate nutrients remnant in the soil. e nutrients residual in the soil could lead to environmental degradation. However, it is an incomplete indicator for sustainability with respect to soil fertility because it does not differentiate between nutrients in soil solution and in different types of organic matter [25] . Any fertilizer type or application rate with minimal residual effect is considered to be environmentally friendly. Although there were some shortcomings on the formula, it served as an effective tool for estimating the magnitude of nutrient loss/gain to the agroecosystems and to appraise their sustainability.
Economic Assessment.
Economic appraisal of the blended fertilizers was determined using two simple approaches: productivity change approach (PCA) and replacement cost approach (RCA) [26] . For the productivity change approach, a function that stipulates a technical relationship between inputs and outputs was used. Market conditions and policy distortions affecting production decisions were taken into account [27] .
ey include the following:
(1) One (1) kg made tea is equivalent to 4 kg green leaves (GL) (2) Cost of plucking is average of KSh. 9 per kg GL (3) Cost of leaf collection and processing per kg made tea is KSh. 100 (4) Cost of pruning and tipping is estimated at KSh. 4 per bush of a third of the farm per year (5) Cost of weeding is one man-day per two months (or six man-days in a year) (6) Average price of made tea per kg is KSh. 250 (7) Cost of fertilizers is KSh. 2,150 and KSh. 2,300 per 50 kg fertilizer bag for compound and blended, respectively e replacement cost approach (RCA) focuses on the additional input required to compensate for lost soil nutrients. Replenishment models were calculated only for the lost nutrient or the negative net nutrient balance bearing in mind that (1) , respectively (Table 3) . N for the first two N rates resulted in negative balances while the last two N rates resulted in positive balances for both sites as shown in Table 3 . However, apparent nutrient budgets for K 2 O were negative in both sites for all the N rates (Table 3) .
From these findings, it was observed that, within the margin of error, the third rate for all the fertilizer types in Timbilil was almost in equilibrium. e same equilibrium was observed by Sitienei and Kamau [28] while working on fertilizer import versus processed tea export. e difference in potassium was negative in all the fertilizer types and rates except for the highest rate of Blend B in Kagochi. If NPK use agronomic and apparent recovery efficiencies were taken into consideration, the difference would be much higher.
e negative nutrient balance is due to inadequate external inputs exacerbated by the loss of nutrients in harvested products, hence depletion and degradation of soils [29, 30] .
is is the problem at lower rates of fertilizer application in tea-growing areas. e total net global flows of nitrogen (N), phosphorus (P), and potassium (K) in the form of commodities, estimated in the study of Sitienei and Kamau [28] , will be 8.8 million tonnes in 2020.
e nutrient balance approach allowed quantification and valuation of nutrient depletion and modelling [31] .
Applied and Environmental Soil Science
Nitrogen is the most dynamic nutrient and after transformation, can move in the atmosphere, as well as in aquatic systems. e amounts of nitrogen (N) involved in transfers through trade are ecologically significant especially when the 2020 projections are considered. Potassium and phosphorus transfers are also significant and may provide opportunities for the eventual recycling of the important nutrients, especially given the high cost of potassium mining and transportation [32, 33] . It is therefore important for each country to consider the effects of nutrient flows in food trade on its own ecosystem.
Economics of Blended Fertilizers.
e valuation of benefit or loss in money was in terms of the amount saved due to increased nutrient status or amount to be incurred for increasing the nutrient status, respectively [17] . "−" denotes a negative value. 4 Applied and Environmental Soil Science
Productivity Change Approach (PCA).
e method involves a two-step procedure. Firstly, the physical effects of changes in the environment on productive activity are determined, i.e., the value of productivity change is equal to the difference in crop yields with and without that nutrient change. e second step consists of valuing the resulting changes in production, usually using market prices. In this case, the PCA takes the reduction in the capitalized net annual income stream gained through agricultural production (i.e., loss of income through crop yields) as a substitute for the costs of nutrient depletion.
Gross Profit Analysis.
e profitability of the three fertilizers under study was analyzed in Tables 4-6 by obtaining the gross profit ha −1 ·yr −1 for a particular rate. In order to determine the highest profit ratio or economic optimum ratio to use, the output was multiplied by the market price (long-term average annual price) of processed tea in Kenya minus the cost of input. e nutrient value is equal to the change in revenue or profit caused by nutrient change (changes in nutrient contents as a proxy for the value of the nutrients) [34] .
Profitable rates fluctuated among the rates of the three fertilizers in the two sites. In Timbilil, profitable rates were 225 kg·N·ha −1 for Blend A at KSh. 281,550 per hectare per year (Table 4 ) and standard NPK (KSh. 297,611 per hectare per year) ( Table 6 ) while fertilizer Blend B was more profitable when applied at 150 kg·N·ha −1 (Ksh. 274.944 per hectare per year) ( Table 5 ). e reduction in gross profit for Blend A and standard NPK with the lower rates of fertilizer application was compensation for nutrients depletion. is is because tea is rarely adapted to growing under low nutrient conditions and fails to yield economically without the addition of fertilizers. However, the same rate for Blend B might have been excessive leading to negative effect. e application of high rates of N, P, and K allows for increased production. However, N and P application in excess of crop demands can lead to profound environmental consequences [35] .
In Kagochi, the fertilizer rate of 75 kg·N·ha −1 was the most profitable for all the three fertilizers (192,870, 180,900, 172,084 KSh.·ha −1 ·yr −1 for Blend A, Blend B, and NPK standard (Tables 4-6), respectively). e reduction in gross profit with fertilizer rates higher than 75 kg·N·ha −1 means that the higher rate might have brought negative effects on various nutrients in the soil.
is study attempted to quantify the economic value of soil productivity conservation and its economic cost by productivity losses.
ese findings are consistent with those by Njogu et al. [16] that different clones have different nutritional needs and differ in their abilities to absorb nutrients even when the agronomic practices are similar, which is depicted in their yield response to varying fertilizer application rates and the fertilizer types applied. Different clones with different yield potentials require different fertilizer rates. For a high yielding clone like AHP S15/10, the most profitable production has been achieved by applying 200 kg·N·ha −1 ·yr −1 in Kericho [6] .
Economic Optimum Nitrogen Application Rate.
In the economic analysis studies, the economic optimum rate and the most profitable rate for each fertilizer in each site were determined. e economic optimum nitrogen rate (EONR) is realized when the cost of the last increment of additional N equals the value of tea yield increase. Tables 4-6 show the economic analysis of the different fertilizers in the two sites. From the data tabulation, the following were deduced:
(1) For Blend A, the EONR was achieved at 6 bags of fertilizer per hectare per year at both Timbilil and Kagochi (2) For Blend B, the EONR was achieved at 13 and 6.5 bags of fertilizer per hectare per year in Timbilil and Kagochi, respectively (3) For the standard NPK, the EONR was achieved at 19.6 and 5.8 bags of fertilizer per hectare per year in Timbilil and Kagochi, respectively (4) Kagochi had the least fertilizer requirement across all the fertilizer types e magnitude of the increase in yield tended to diminish as the total level of nitrogen rate increased. As successive units of fertilizer were added to other costs, it reached a point where the value of the marginal product was less than the unit cost of N used to produce it. e economic implication of this trend is that the value of the additional crop at first exceeded the cost of applying fertilizer but eventually only marginal additional crop was obtained for each unit of additional fertilizer resulting in no achievement of monetary gain. A fertilizer type may do well agronomically but poorly in economic terms as a result of low commodity prices or high production costs.
With higher N prices, it becomes more important to fertilize at the most economic rate, which may differ from the agronomic rate. Kiprono et al. [36] found that the EONR changes as market costs and returns change. e most economic fertilizer rate for fertilizer Blend A was 75 kg·N·ha −1 ·yr −1 for both sites. However, economic rates were different for Blend B and standard NPK in Timbilil and Kagochi.
is shows that fertilizer recommendations vary widely for different tea-growing regions depending on the age of the bushes, pruning cycle, yield, and soil fertility as was found by Tshivhandekano et al. [10] and Namu et al. [37] . Several studies have revealed that lack of plant nutrients is one of the principal causes for low agricultural productivity in Africa [12, 15] .
e findings here are in agreement with earlier findings that farming should be economically sustainable so that it can contribute to the economic security of key factors in the farm and in the food system as a whole [38] . Economic sustainability can be achieved through increased efficiencies in the use of farm inputs to lower the cost of production for farmers and thus providing savings which can be used to improve on other aspects of livelihood [38] . Such savings available for expenditure on other aspects of life beside food would create new industries in the community and new employment opportunities and hence better living standards for the society. Applied and Environmental Soil Science Figures 1 and 2 show soil replenishment models for mean of the three fertilizer types in Timbilil and Kagochi, respectively. e dependent variable represents the amount of input required to return the soil to optimum conditions. As an independent variable, the fertilizer rate indicated that the more the rate, the more the replenishment required later. Other variables were assumed to have no discernible effects in these models.
Applied and Environmental Soil Science
Bags of NPK(S) ha
According to the results, it was confirmed that the replenishment model for Timbilil was linear while that of Kagochi was polynomial. In Timbilil, the mean soil replenishment model for the different fertilizer types was given by the following equation:
is shows that the amount of NPK fertilizer required to restock the soil was higher than applied N and it increased linearly with the N rates.
In Kagochi, the mean replenishment model was given by the following equation:
e model showed that the amount of input required increased initially up to 75 kg·N·ha −1 ·yr −1 then decreased with the N rates.
e models showed that replenishment is vital if tea productivity is to be sustained. e nutrient balance model proved to be a useful indicator of nutrient depletion and offers a biophysical base for its economic assessment via the replacement cost approach (RCA). Nutrients export from land with no capacity to replenish those nutrients represents long-term stripping of soil stocks, exposing developing countries to significant long-term risk of soil productive failure [35] . From the tea industry, models have been used to bring better understanding on how productivity and resource use of tea agroecosystem is influenced by associated agronomic factors [39, 40] , hence exploring the most promising interventions for tea productivity improvement. Different authors have elaborated on nutrient balance calculations into decision support models that allow monitoring of the effects of changing land use and suggestions of interventions to improve the nutrient balance [31] .
Researchers have shown that nutrient losses due to uptake by crops, erosion, leaching, and N volatilization are only partially compensated by crop residues left on the field, manure and fertilizer application, and atmospheric inputs; thus, the annual NPK balances for sub-Saharan Africa are negative with minus 22-26 kg·N, 6-7 kg P 2 O 5 , and 18-23 kg·K 2 O·ha −1 [41] . For the whole of SSA, nutrient mining accounts for about 7% of the subcontinental agricultural gross domestic product (AGDP). is amount (US $4 billion year −1 ) exceeds the annual external assistance to the development of African agriculture in the past decade by about 30-50%, which gives an indication of the financial dimension [42] .
e models like the NUTMON approach have been developed completely at the farm level. is means that they can also serve as tools for monitoring nutrient flows on farms [43] . To estimate it on a global level, a set of methodologies is usually employed as summarized by Van Ittersum et al. [44] . ey are broadly categorized into statistical and crop-modelling approaches. Statistical approaches rely on yield census data of varying size, which are then combined with global data (e.g., climate, fertilizer inputs, and irrigation area). Based on climate binning techniques [45] , they divide the world into contingent areas of similar growth environment, looking at main drivers of yield variation within.
As hypothesized, blended fertilizers were found to be capable of increasing productivity while conserving the environment.
e positive findings lead to sustainable farming where productivity is raised with minimum negative impacts on the environment and also help in recovering already degraded soil [38] .
Conclusion
e ultimate aim of this study was to optimize tea production, maximize positive interactions, maximize net Applied and Environmental Soil Sciencereturns, minimize the depletion of soil nutrients, and minimize nutrient losses or negative impact on the environment.
(1) As hypothesized, blended fertilizers were found to be capable of increasing productivity while conserving the environment. e positive findings could lead to sustainable farming where productivity is raised with minimum negative impacts on the environment and also help in recovering already degraded soil. (2) From an economic point of view, Blend A was the most efficient and consistent fertilizer in production, economic returns, and its environmental effects across the two sites.
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